Collagen constitutes one-third of the human proteome, providing mechanical stability, elasticity, and strength to organisms. Normal type I collagen is a heterotrimer triple-helical molecule consisting of two a-1 chains and one a-2 chain. The homotrimeric isoform of type I collagen, which consists of three a-1 chains, is only found in fetal tissues, fibrosis, and cancer in humans. A mouse model of the genetic brittle bone disease, osteogenesis imperfect, oim, is characterized by a replacement of the a-2 chain by an a-1 chain, resulting also in a homotrimer collagen molecule. Experimental studies of oim mice tendon and bone have shown reduced mechanical strength compared to normal mice. The relationship between the molecular content and the decrease in strength is, however, still unknown. Here, fully atomistic simulations of a section of mouse type I heterotrimer and homotrimer collagen molecules are developed to explore the effect of the substitution of the a-2 chain. We calculate the persistence length and carry out a detailed analysis of the structure to determine differences in structural and mechanical behavior between hetero-and homotrimers. The results show that homotrimer persistence length is half of that of the heterotrimer (96 Å vs. 215 Å ), indicating it is more flexible and confirmed by direct mechanical testing. Our structural analyses reveal that in contrast to the heterotrimer, the homotrimer easily forms kinks and freely rotates with angles much larger than heterotrimer. These local kinks may explain the larger lateral distance between collagen molecules seen in the fibrils of oim mice tendon and could have implications for reducing the intermolecular cross-linking, which is known to reduce the mechanical strength.
INTRODUCTION
Collagen constitutes one-third of the human proteome, providing mechanical stability, elasticity, and strength to organisms (1) (2) (3) (4) (5) (6) . Type I collagen is a heterotrimer consisting of two a-1 chains and one a-2 chain. Homotrimeric collagen, consisting of three a-1 chains has previously been studied to help define the role of the a-2 chain on collagen stability and mechanical integrity (7) (8) (9) . In humans, homotrimeric collagen is found only in fetal tissues (10) , fibrosis (11) (12) (13) , and cancer (14) (15) (16) (17) (18) (19) . Studies have shown that homotrimers of type I collagen are resistant to mammalian collagenases (14, 20) . In a mouse model of the genetic brittle bone disease, osteogenesis imperfecta (OI), the oim mutation of type I collagen is characterized by complete replacement of the a-2 chain by an a-1 chain, resulting in homotrimeric collagen. The oim phenotype has extreme skeletal fragility, reduced stature, and bone deformities, mimicking moderate to severe OI in humans. Experimental studies have shown that the mechanical strength of oim bone and tail tendon is significantly less than that of the normal mice (9, (21) (22) (23) (24) (25) .
At the molecular level it has been proposed that the a-2 chain has a critical role in the integrity of the triple helix of collagen (9) . X-ray diffraction patterns of oim tail tendon shows a loss of lateral packing in the collagen fibrils (9) .
Interestingly, the axial structure of the collagen molecule is unaltered in oim tissue and has the normal D-periodic banding (9, 26) . Using DSC, studies have shown that the denaturation temperature of oim homotrimeric collagen is higher than wild-type heterotrimeric collagen, which implies oim collagen is more thermally stable (27, 28) and requires more energy to disrupt the integrity of the triple helix. At the same constant temperature, homotrimeric collagen denaturates 100 times slower than heterotrimeric collagen (27) . Using DSC in both acetic acid and water, Miles et al. calculated that oim collagen has~5% greater volume fraction of water, which they propose increased the lateral distance between collagen molecules by 1.4 Å in oim fibers. The increase in water may be due in part to the lower hydrophobic content of the a-1 chain compared to the a-2 chain (8, 29) . The increased water content and therefore lateral distance between collagen molecules may be responsible for the loss of lateral packing and reduced cross-linking (28) . Because cross-linking of molecules are critical for mechanical integrity of collagen (30, 31) , this could account for the weaker mechanical properties of the tissue at larger length scales. These studies provide insight into the role of the a-2 chain at the fibril level, however, it remains unclear how the loss of the a-2 chain in the homotrimer affects the behavior at the molecular level, which may lead to its altered fibril behavior.
Here, we use a molecular simulation approach to study the mechanical and structural differences between type I heterotrimer and homotrimer of real sequence mouse collagen molecules (collagen, type I, a-1 and a-2 chain precursor (Mus musculus)). The persistence lengths are calculated and the structural analyses are given to provide a complete understanding of the differences between heterotrimer and homotrimer collagen molecules. The persistence length quantifies the stiffness of long polymer chains, making it an appropriate parameter for estimating collagen stiffness. However, persistence length calculations assume that the chain is homogeneous, which is not true for collagen molecules. Both experimental studies (32) (33) (34) (35) and computational models (36) (37) (38) have shown that the triple helical domain of collagen molecules is not homogeneous and has varied structural and biological properties along its length. Multiscale modeling has also shown that the mechanical properties of collagen molecules depend on the variation of sequence repeat (39, 40) . We therefore use structural analyses (unit height, radius, distances between C a atoms) to study differences in behavior along the heterotrimer and homotrimer. Atomistic structural analysis helps to explain the fundamental mechanisms that affect the overall behavior of collagen molecules.
MATERIALS AND METHODS

Collagen molecule generation
The real sequences of type I a-1 and type I a-2 chains of Mus musculus (wild-type mouse) are used to generate the collagen molecules. The heterotrimer collagen molecule is built of two a-1 chains and one a-2 chain, whereas the homotrimer collagen molecule is built of three a-1 chains. The sequences are adopted from the National Center for Biotechnology Information protein database (http://www.ncbi.nlm.nih.gov/ protein): AAH50014.1 for a-1 chain and NP_031769.2 for the a-2 chain. The entire a-1 and a-2 chains consist of 1014 residues with repeated G-X-Y triplets, excluding the C-terminal and N-terminal sequences. A specific section with a length of 57 residues of the 1,014 total residues (from the 403rd to 459th residues) is selected to generate the heterotrimer and homotrimer collagen molecules. The chosen sequences are a-1: GFPGPKGTAGEPGKAGERGLPGPPGAVGPAGKDGEAGAQGAP GPAGPAGERGEQGPA and a-2: GFPGPKGPSGDPGKPGERGHPGLAGARGAPGPDGNNGAQGPP GPQGVQGGKGEQGPA.
Note that these sequences of the a-1 chain and a-2 chain are chosen because the six residues of the two ends are the same for both a-1 and a-2 chains to avoid the possible boundary effects of the heterotrimer and homotrimer. The amino acid composition (by %) in the segment is similar to the composition of the complete collagen molecule.
The collagen molecules are created by inputting the sequences of three chains into the software THeBuScr (41) , which enables a user to build a triple-helical molecule based on any specified amino acid sequence. The code uses derived conformations from statistical analyses of highresolution x-ray crystal structures of triple-helical peptides to build collagen molecule structures. The snapshots of initial structures of the heterotrimer and homotrimer are shown in Fig. S2 in the Supporting Material. To neutralize the terminals, two ends of the heterotrimer and homotrimer are capped by assigning the first residue to ACE, the acetylated N-terminus, and the last residue to CT3, the N-methylamide C-terminus. The length of the collagen molecule is~160 Å and is solvated in a periodic water box composed of TIP3 water molecules. The VMD software (42) is used to solvate the collagen and also to neutralize the system by adding ions.
The final solvated all-atom system contains z37,000 atoms, with a box size of 280 Å Â 40 Å Â 40 Å .
All-atom equilibration
Full atomistic simulations are performed using NAMD (43) and the CHARMM force field (44) that includes parameters for hydroxyproline amino acids based on a suggestion by Anderson (45) . This force field has been widely validated for a variety of biochemical models of proteins including collagen (39, (46) (47) (48) (49) . An energy minimization using a conjugate gradient scheme is performed before molecular dynamics (MD) simulations. Rigid bonds are used to constrain covalent bond lengths, thus allowing an integration time step of 2 fs. Nonbonding interactions are computed using a cutoff for the neighbor list at 13.5 Å , with a switching function between 10 and 12 Å for van der Waals interactions. The electrostatic interactions are modeled by the particle mesh Ewald summation method. After energy minimization, the collagen molecule is simulated through 50 ns at a constant temperature of 310 K and 1.013 bar pressure in MD simulations. The first 10 ns simulations are used to equilibrate the system and are excluded from analyses. During the last 40 ns simulations, the configurations of collagen molecules are recorded every 20 ps, which results in 2000 frames. Each frame of the 2,000 frames is used in the analyses. The total simulation takes~10,000 CPU hours. We also performed repeated simulations for both the heterotrimer and homotrimer, from a different starting point, to confirm the reliability of our results (additional information included in the Supporting Material).
Mechanical testing
Steered MD is used to probe the mechanical properties of the heterotrimer and the homotrimer. This method is based on the concept of pulling a collection of chosen atoms via a spring along the pulling direction, while keeping another group of atoms fixed. After 40 ns NPT simulations, we fix the left ends of the collagen molecules and apply a constant velocity pulling method to stretch both the heterotrimer and the homotrimer. In both simulations, the spring constant is 7 kcal/mol/Å 2 and the pulling velocity is set to 5 Å /ns.
Analysis of the collagen molecule structures
In collagen molecules, each chain is a repeating primary sequence of (Gly-X-Y) n and the three chains are staggered with respect to each other. The positions of the repeated Gly therefore capture the characteristic structures of collagen molecules. We use the C a atom of each Gly residue as a measurement point to characterize molecular structure ( Fig. 1, a and b) . Five structural parameters of collagen molecule are analyzed: contour length, end-to-end distance, the distance between nearest C a atoms, unit height, and radius (the distance from C a atom to twisting axis).
In our analysis, r i denotes the position of the C a atom of i-th Gly in the collagen molecule. To estimate the contour length and the end-to-end distance of the collagen molecules, we compute the center of mass of all the nearest three C a atoms (one from each chain because three chains in triple helix are staggered) by b i ¼ 1=3ðr i þ r iþ1 þ r iþ2 Þ: Here b i is the center of mass, and the contour length is then calculated by summing the distances between adjacent b i , i.e.,
where n is the number of the center of masses and L c is the contour length.
The end-to-end distance is estimated by the distance between the first and the last b i , i.e., kb n À b 1 k. The distance between the i-th C a atom to its nearest C a atom can be simply computed by d i ¼ kr i þ 1 À r i k. Furthermore, we use r A i ;r B i ;and r C i to be the positions of the C a atoms of the i-th Gly in chain A, B, and C, respectively, and r i to be the center Biophysical Journal 102(3) 640-648 of mass of the C a atoms of the i-th Gly in three chains
The unit height is calculated by h i ¼ kr iþ1 À r i k (see Fig. 1 d) . The two unit heights of both ends are excluded from analyses to avoid the boundary effects. We calculate the radius as the distance between each C a to the twisting axis of the collagen molecule, which is approximated by constructing a three-dimensional natural interpolating cubic spline curve to r i (Fig. 1 c) . Once the spline curve is obtained, the i-th radius, i.e., the radius at r i ; is defined by averaging the radius at r A i ; r B i ; and r C i . The radii at r A i ; r B i ; and r C i are obtained by computing the distances between them to the twisting axis.
Persistence length calculations
The persistence length characterizes the stiffness of a long protein. Using q to denote the angle between the tangent of two points of the protein separated by a distance L and L p to denote the persistence length of the protein, the expectation value of the cosine angle exponentially decays with the distance (50) , that is,
Alternatively, using r to denote the end-to-end distance of a long protein, the following relation can also be derived under the assumption that the protein is infinite long (51):
Both Eq. 2 and Eq. 3 are used to calculate the persistence length in this work. A brief derivation of Eq. 2 and Eq. 3 is provided in the Supporting Material. To use Eq. 2, we use the relation between q and L. For each frame, we calculate l ij (t), the distance between r j and r i ; and q ij (t), the angle between the tangent of these two positions at time t ( Fig. 1 d) , thus we have l ij ðtÞ ¼ kr j ðtÞ À r i ðtÞk; and (4) cos q ij ðtÞ ¼ À r jþ1 ðtÞ À r j ðtÞ Á :ðr iþ1 ðtÞ À r i ðtÞÞ:
Note that here we approximate the tangent at r i ðtÞ by r iþ1 ðtÞ À r i ðtÞ. The expectation value of the distance l m and the cosine angle cosq m between m-th neighboring centers of masses are then obtained by averaging through the simulation time:
The expectation value of the distance and the cosine angle are calculated by averaging the last 40 ns simulations. An exponential fitting, i.e., Eq. 2, is then applied to obtain the persistence length of collagen molecules. Note that the exponential decay in Eq. 2 holds only for long proteins and the length of the protein in the simulation is only 160 Å . Therefore, we only use the expected values up to the fifth neighboring center of masses.
An alternative way of calculating the persistence length is by using Eq. 3. The expectation value of the contour length and the end-to-end distance of collagen molecule are calculated by averaging the last 40 ns of the simulations. Then the persistence length is obtained directly by solving Eq. 3.
Analysis of the freely rotating behavior
We use r i ; r j , and r k to denote three center of masses on the collagen molecule. The rotating angle q is the supplementary angle formed by these three center of masses (see Fig. 5 a) . The expectation value of the rotating angle is obtained by averaging the rotating angles for last 40 ns simulations. To further reveal the freely rotating behavior, for each configuration, a rotation is performed such that r 0 j À r i is parallel to the x axis. Here, r 0 j is the new coordinate of r j after rotation. Finally, we use n 0 jk to denote the unit vector of r 0 k À r 0 j . The projection of n 0 jk on y-z plane is calculated for each recorded frame.
We analyze the freely rotating behavior at the center of masses of C a atoms of the 2nd, 3rd, 4th, 5th, 6th, 9th, 13th, and 17th Gly residues. We chose these regions to show differences between local regions based on the structural parameters calculated previously.
Structures in PDB format
Geometries of initial and final (50 ns) structures of the heterotrimer and homotrimer molecules (without water molecules) in PDB format are available in the Supporting Material.
RESULTS AND DISCUSSION
We calculate the averaged contour lengths and the endto-end distances of heterotrimer and homotrimer collagen molecules of Mus musculus. The contour length of heterotrimer collagen is 166.6 5 1.7 Å and homotrimer collagen , separated distance (l 13 ) between two points on the collagen molecule and the angle (q 13 ) between the tangent vectors of these two points.
Biophysical Journal 102(3) 640-648 is 162.5 5 1 Å , a slightly smaller value. Interestingly, there is a striking difference between the end-to-end distance of the heterotrimer (147.6 5 6.8 Å ) and homotrimer (127.1 5 5.5 Å ). The persistence length, which characterizes the mechanical stiffness, can be obtained through the relation between the contour length and the end-to-end distance of the collagen molecule. The calculated persistence length is 215 Å for the heterotrimer and 96 Å for the homotrimer, suggesting that the homotrimer collagen molecule is more flexible (smaller overall bending stiffness).
Our calculation results of the persistent lengths are within the range of previously reported values. By fitting the force-extension curve from a mechanical test using optical tweezers to a worm-like chain elasticity model, the persistence length of type I heterotrimer collagen obtained by Sun et al. (52) is found to be 145 5 73 Å and the persistence length of type II homotrimer collagen is found to be 112 5 84 Å (53) . These studies also suggest that the homotrimer has a smaller persistence length than the heterotrimer, but it should be noted that the homotrimer in the study cited previously is type II collagen. The persistence lengths obtained from earlier simulations are in the range from~150 to 250 Å (54), and coarse-grained modeling of collagen molecules using a MARTINI force field suggests a value of 515 5 67 Å (likely higher due to the generally stiffer nature of protein structures in the MARTINI approach) (55) .
As an alternative approach, we also calculate the persistence length as a measure of the direction of the tangent loss of a protein over a distance. The relation between the separated distance and the cosine of the angle between two tangent vectors at two points on the heterotrimer and homotrimer are shown in Fig. 2 . The decrease of the cosine angles of homotrimer collagen molecule is larger than the heterotrimer collagen molecule as the distances increase. That is, the homotrimer collagen molecule has a shorter persistence length and is more flexible to change its direction. Exponential fits (see Eq. 2.) are fit to the results of heterotrimer and homotrimer collagen molecules shown in Fig. 2 . The persistence lengths from the exponential fitting are 209 Å for the heterotrimer collagen molecule and 89 Å for the homotrimer collagen molecule. The results are consistent with the values obtained by the contour length and end-to-end distance approach used previously and again shows that the homotrimer collagen molecule has a shorter persistence length and is more flexible.
The persistence length calculations assume the collagen molecules to be homogeneous, which is an oversimplification of a heterogeneous molecular structure. We thus perform additional analyses to identify structural mechanisms that governed the apparent change in molecular stiffness. Fig. 3, a and b, show the averaged values of unit heights of heterotrimer and homotrimer collagen molecules, respectively. The results show that both the heterotrimer and homotrimer are not homogeneous along the length of the collagen section analyzed. To validate our results with experimental data, the average of all the unit heights (excluding two at each end) are calculated. The averaged unit height is 8.57 Å for the heterotrimer and 8.59 Å for the homotrimer collagen molecule. The results are similar to that obtained from a statistical analysis of high-resolution x-ray crystal structures of triple-helical peptides, which shows a varied unit height of 8.53 Å for imino-rich regions and 8.65 Å for amino-rich regions (56) . Fig. 3, a and b, show that both the heterotrimer and homotrimer collagen molecules have abnormal shorter unit heights at the region around the 12th triplet (corresponding to the 436th residues in terms of the entire type I collagen molecule). The standard deviation of unit heights at this region of the heterotrimer collagen molecule is larger than other regions of the molecule, which indicates that thermal energy easily varies the conformations of heterotrimer. This can be also confirmed by unit height distributions through simulation time (Fig. S3 ), time history of unit heights (Fig. S4) , and the root mean-square deviation (Fig. S5 ). This finding is in accordance with experimental studies that have shown lower denaturation temperature of heterotrimers (27, 28) . There is an additional region with a shorter unit height for the homotrimer collagen molecules around the 5th triplet (corresponding to the 418th residues of type I collagen molecules).
The distances between the nearest C a atoms of the Gly residues are shown in Fig. 3 c. The results show that at the region around the 34th to 39th carbon atoms in Fig. 3 c, the distance between the nearest C a atoms of both heterotrimer and homotrimer collagen are larger than other regions. Note that each triplet has three Gly residues (one from each chain), and therefore the 12th triplet corresponds to the 34th to 36th Gly residues. Similarly, the radii ( Fig. 3 d) at this region are larger than other regions; that is, the distances from the C a atoms of Gly to the twisting axis are larger. Therefore, we refer to this region as the microunfolding region (Fig. 4 ). This finding is consistent with previous simulation results that show microunfolding at the 436th Gly residue of type I collagen (as can be confirmed in Table 1 in (36)). In a region of microunfolding, the H-bond between Gly on adjacent chains might not form easily because the distances between Gly are large. There are only two nearest C a distances (d 30 and d 33 ) abnormally larger in homotrimer collagen molecules, whereas many abnormally larger nearest C a distances are found in heterotrimer collagen molecule. This also supports our finding that the heterotrimer collagen molecule is more thermally unstable and the microunfolding is more severe. In contrast to the microunfolding region, at the region near the 5th triplet of the homotrimer, where unit height decreases, there is no increase in the radius or the distances between the nearest C a atoms. These decreases of the unit height do not result in thermal instability in this region. It is also shown directly in the snapshot in Fig. 4 that this region does not feature microunfolding.
We investigate how regions with a shorter unit height may contribute to a decrease in persistence length. Table 1 shows the rotating angles at different regions for both the heterotrimer and homotrimer. In the 3rd and 4th triplets (2-4 and 3-5), the angles of rotation for both heterotrimer and homotrimer collagen molecules are small. In regions where the unit height is short (12th residue in heterotrimer and 5th and 12th in the homotrimer), there is an increase in the angle of rotation. When a large rotation (larger than 15 ) is present, we call this kink indicating a local bend in the molecule ( Fig. 4 ). Both the heterotrimer and homotrimer have kinks at the microunfolding region but the kink angle of the homotrimer is about three times larger than the heterotrimer (63.9 vs. 22.4 ). Moreover, one more kink region (the 5th triplet) is found in the homotrimer. Therefore, we conclude that the loss of the a-2 chain leads to the ability to kink with larger angles at specific regions.
The projections of the rotating vectors on the cross section of the collagen molecule at the 5th residue are shown in Fig. 5 c. The inner circle represents the line with a rotating angle of 20 and the outer circle represents the line with a rotating angle of 50 . It is seen that the projections of the rotating vectors of the heterotrimer collagen molecule lie within the inner circle and are closed to the origin, with an average of 10.1 5 5.3 ( Table 1) . Projections of the rotating vectors of the homotrimer collagen molecule are much larger with an average value of 37.3 5 7.6 . The numbers shown in the figure indicate the simulation time in ns unit, and indicate that the homotrimer rotates first counterclockwise (10 to 28 ns), and then clockwise (28 to 48 ns) at this location. From the results, we observe a very specific rotating angle for the homotrimer at this region, which is reflected in the overall shorter persistence length. The specific rotating behavior identified here provides the molecular origin of the result that the homotrimer is more flexible and has an overall smaller bending stiffness.
We also investigate the effects of the structural changes between the heterotrimer and heterotrimer on the mechanical responses of the collagen molecules. Under uniaxial pulling of the molecules, we observe significantly different stress-strain curves of the heterotrimer and the homotrimer (Fig. S10) , which shows that the heterotrimer is stiffer and that the homotrimer is much more flexible. This is because the homotrimer has kinks, which results in a shorter end-to-end distance at equilibrium, and leading to softer stressstrain responses compared to the heterotrimer.
In our simulations we consider a segment of collagen that is 57 amino acids (z160 Å ) long, which is only a small portion of the 1014 amino acids (z3000 Å ) of the entire molecule, but computationally feasible to model at the atomic level. Despite modeling only a small portion (which can be limiting), we are able to clearly characterize differences in mechanical flexibility and local structural behavior. There is a possibility that throughout the molecule there are similar local regions of microunfolding in both homotrimer and heterotrimer cases. We anticipate that kinking also occurs at other regions, predominately in the homotrimer.
The behavior of the collagen molecule can affect the mechanical properties of many tissues including bone, tendon, and ligament. In these tissues, collagen molecules are aligned in quarter staggered arrangements to form fibrils (Fig. 6) . The kinking and freely rotating behavior of homotrimer collagen is likely to affect the packing of the molecules into fibrils. The lateral space used by the homotrimer collagen molecule is larger because it has larger kink angles. Therefore, the larger kink angles are likely to lead to a larger distance between homotrimer molecules in the fibril. The larger distance between collagen molecules could lead to the reduction of cross-linking between collagen molecules and the loss of mechanical integrity of the tissue. Our simulation results provide evidence of the increase in possible lateral configurations for the homotrimer collagen molecule. As shown directly in Fig. 4 and Fig. 6 , the explored lateral distance is increased in the kink regions. Indeed, from computations of the volume fraction of the water, Miles et al. (28) suggested an increase in the lateral packing of 1.4 Å between collagen molecules in homotrimer collagen compared to the heterotrimer collagen, which is consistent with our findings. Our studies on the structural and mechanical behavior of a single collagen molecule provide possible insights and relevance for the loss of mechanical integrity of the molecule at the atomistic level.
CONCLUSION
In summary, we carried out fully atomistic simulations of mus type I heterotrimer and homotrimer in explicit water to explore the role of the loss of a-2 chain in collagen molecules. The simulations ranged over 50 ns to systematically explore the different structural and mechanical behaviors between heterotrimer and homotrimer collagen molecules. We found that the persistence length of the heterotrimer is twice that of the homotrimer, indicating the homotrimer collagen molecule is significantly more flexible and hence softer. This has also been confirmed in direct molecular pulling simulations (Fig. S10) . Specifically, structural analyses of collagen molecules show that the greater flexibility of the homotrimer collagen molecule, smaller bending stiffness, and smaller persistence length, results from the emergence of kinking at two specific regions. The observation of these freely rotating behaviors at specific regions confirms the experimental and computational findings that the collagen molecules are not homogeneous along their length and that the behavior is dominated by the local variation of amino acid sequences. Local kinking is likely to disrupt the lateral distance between collagen molecules in a fibril. This provides a possible mechanism that accounts for the increase in the lateral intermolecular distance that has been suggested by experimental data. We believe that local kinking would not affect the axial spacing of the collagen molecules, which is why the D-period remains relatively unchanged in homotrimeric collagen. Microunfolding regions are known to be important for protein digestion; in triple helical conformation, the protein is protected, but unfolded regions are susceptible to cleavage by proteolytic enzymes. Our atomistic model suggests that we can predict such cleavage sites from fundamental structural analyses of the molecule. Experimental studies have revealed that homotrimeric oim collagen is more resistant to digestion than heterotrimers (26) , which is in accordance with the higher denaturation temperature of oim collagen (27, 28, 57) . In the short section of collagen considered here, microunfolding occurs at only one site in both the homotrimeric and heterotrimeric collagen. Future work will sample multiple fragments of the collagen molecule to determine the location and relative number of microunfolding sites in heterotrimeric and homotrimeric collagen. Much research has investigated the oim model, not only to understand and develop treatments for osteogenesis imperfecta, but also to probe the function of the a-2 chain in collagen. Indeed, the oim model provides an interesting platform for investigating the ramifications of alterations in molecular structure on the mechanics and structural behavior of bone throughout its hierarchy. At the organ level, oim bones are extremely fragile, with smaller cross sections, and little or no plastic deformation resulting in brittle-type fractures (9, (21) (22) (23) (24) (25) . At the tissue level, oim has more disorganized woven bone than organized lamellar bone (26) . At the matrix level, oim bones have higher mineral density, with smaller apatite crystals closely packed together (58, 59) . All of these changes are caused fundamentally by alterations at the molecular level. Previous experimental studies have found molecular differences in cleavage sites and denaturation temperatures (27, 28) , as well as cross-linking (60, 61) , however these studies by necessity are all carried out at the fibril level. Atomistic modeling allows us to examine the behavior of a single collagen molecule, helping to define the basic structural and mechanical differences responsible for the changes throughout the hierarchy.
SUPPORTING MATERIAL
Additional details, calculations, equations, simulation results, and 10 figures are available at http://www.biophysj.org/biophysj/supplemental/ S0006-3495(11)05347-1.
FIGURE 6
Role of the kink of collagen molecule in the microfibril. The kinking and freely rotating behavior of homotrimer collagen is likely to affect the packing of the molecules into fibrils. The lateral space used by the homotrimer collagen molecule is larger since it has larger kink angles, which are likely to lead to a larger lateral distance in the microfibril.
Biophysical Journal 102(3) 640-648
